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INTRODUCTION
Physical properties of liquid mixtures are required in most of the engineering calculations where fluid flow or mixing is an important factor in many practical problems concerning mass transport applications. Oleic acid is a monounsaturated omega-9 fatty acid found in various animal and vegetable sources (Young, 2002) . The saturated form of this acid is stearic acid. It is used in Lorenzo's oil (Arudi et al., 1983) . Oleic acid is emitted by decaying bee corpses and triggers the instincts of living bees to remove the dead bodies from the hive (Ayasse et and Paxton, 2002) . Oleic acid is the most abundant fatty acid in human adipose tissue (Kokantur et al., 1979) . It is also used as excipient in pharmaceuticals and as an emulsifying agent in aerosol products (Smolinske, 1992) . Oleic acid may hinder the progression of ADL or anfrenoleukodystarpy, a fatal disease that affect the brain and adrenal glands (Rizzo et al., 1986) . Oleic acid and monosaturated fatty acid levels in the membranes of red blood cells have been associated with the increased risk *Corresponding author. E-mail: smridhee2000@yahoo.co.in. Tel: +91 02766 220932 364.
of breast cancer and it is also responsive for the hypotensive (blood pressure reducing) effect of olive oil (Pala et al., 2001; Teres et al., 2008) . Esters on the other hand find applications as plasticizers in polymerprocessing industries in order to impart favorable thermoplastic behavior (Nallani et al., 2007; Riemenschneider and Bolt, 2005 ). An understanding of the mixing behavior of oleic acid with esters is therefore important and may have applications in many engineering areas. We now report the results of density, viscosity and speed of sound for the binary mixtures of oleic acid with methyl acetate, ethyl acetate, n-propyl acetate and n-butyl acetate over the entire range of composition at 303.15, 308.15 and 313.15 K. With this data, the excess molar volume, deviations in viscosity, deviations in speed of sound, deviation in adiabatic compressibility, acoustic impedance, deviation in acoustic impedance and excess Gibbs free energy of activation of viscous flow have been computed. These results have been fitted to the Redlich-Kister polynomial equation using a multi parametric nonlinear regression analysis technique to derive the binary coefficients and to estimate the standard deviation (σ) between experimental and calculated data (Redlich and Kister, 1948) . , data from reference (Patwari et al., 2009); c , data from reference (Aralaguppi et al., 1999); d , data from reference (Oswal and Patel, 1995) ; e , data from reference (Bernardo-Gil et al., 1990) ; f , data from reference (Cedeno et al., 2000) .
METHODOLOGY Materials
High-purity spectroscopic and analytical grade samples of oleic acid, methyl acetate and ethyl acetate were procured from S.D. Fine Chemicals Ltd., Mumbai, India. n-Propyl acetate and n-butyl acetate were purchased from E. Merck (Germany). Solution of oleic acid in acetonitrile is filtered into the recrystallization vessel at room temperature and purged with ultra high purity nitrogen for 15 min. While N2 is passing through the solution via the vessel is slowly lowered into the acetone dry ice cooling mixture. The temperature of this cooling mixture is controlled by periodic addition of pulverized dry ice. Oleic acid crystals begin to appear within a few minutes and the crystallization goes to completion within 15 to 20 min. The mother liquor is removed from the crystals by changing the direction of nitrogen flow. Methyl acetate, ethyl acetate, n-propyl acetate and n-butyl acetate were dried over anhydrous K2CO3 for more than 72 h and were fractionally distilled twice before use ( Riddick et al., 1986) . The mass fraction purities in percentage as determined by gas chromatography are: oleic acid > 0.997, methyl acetate > 0.995, ethyl acetate > 0.994, n-propyl acetate > 0.995, nbutyl acetate > 0.993. Densities and viscosities of pure substances and their comparison with literature values are shown in Table 1 . The experimental values found in Table 1 are very close to literature values.
Apparatus and procedure
Binary mixtures were prepared by mass in airtight bottles. The mass measurements of pure liquid and liquid mixtures were performed on a Reptech RA-2012. It can measure weight in range of 210 g to 0.1 mg. It works with accuracy of ±0.0001 g. The required properties of the mixture were measured on the same day. The uncertainty in mole fraction was estimated to be less than 0.0001.
Densities accurate to ±0.0001 gcm -3 were measured by using pycnometer having bulb volume of 10 cm 3 and capillary orifice with internal diameter 1 cm 3 for each measurement. The pycnometer filled with required liquid was kept in water bath with thermal stability ±0.01°C as checked by calibrated thermometer to attain the equilibrium. An average of triplicate measurements was taken into account and their reproducibility was within the range of ±0.3%. The suspended level Ubbelohde viscometer was used to determine the viscosity of pure liquids and their mixtures. An electronic digital stopwatch with readability of ±0.01 s was used for the flow time measurements. To check the calibration at 303.15, 308.15 and 313.15 K, the viscometer used was recalibrated against water, and in each case the measured viscosity of water agreed to within experimental uncertainty with literature values. The estimated error in the viscosity measurements was within ±0.001 mPas. All glasswares were thoroughly cleaned with warm chromic acid cleaning solution.
The speed of sound values were measured using a variable path single-crystal interferometer model M-81S supplied by Mittal Enterprises, New Delhi, with an accuracy ±2 ms -1 . In the present study, frequency of 2 MHz was employed and instrument was calibrated using water and benzene.
RESULTS AND DISCUSSION
The experimentally measured density (ρ), viscosity (η) and speed of sound (u) have been used to evaluate derived properties like adiabatic compressibility (k S ) and acoustic impedance (Z) using well established equations:
where, u stands for speed of sound and ρ for density.
Excess molar volume, deviation in viscosity, deviation in speed of sound, deviation in adiabatic compressibility and deviation in acoustic impedances were calculated, respectively from the following equations:
where, ρ, η, u, k S and Z are the density, viscosity, speed of sound, adiabatic compressibility and acoustic impedance of pure components, and ρ i , η i , u i , k Si and Z i denotes corresponding mixture properties. x i is the mole fraction.
The excess Gibb's free energy of activation (G* E ) for viscous flow has been calculated as: (8) where, η and η i are the viscosities of the mixture and pure component, and V and V i are the molar volumes of pure component and mixture respectively.
The resultant values for the binary mixtures at 303.15, 308.15 and 313.15 K are shown in Table 2 . These values are plotted against the mole fraction of oleic acid as shown in Figure 1 . Each set of results were fitted using Redlich-Kister Equation 9 for binary mixtures. (9) where
, u, Δk S and Z) and x 1 is the mole fraction of the first component. The co-efficient A i was calculated by unweighted least square method. In each case, the optimum numbers of coefficient are ascertained from the examination of the variation in standard deviation in Y E of Equation 9. The standard deviation (σ) was calculated using the following equation: (10) where N is the number of experimental points and n is the number of parameters (n=3 in the present case). The estimated values of A i and σ for Y E versus x 1 are shown in Table 3 . In all the cases, the best fit was obtained by using only three fitting coefficients.
In Figure 1 , the points represent the data calculated from Equations 3 to 8, while smooth curve are drawn from the best fitted data calculation using Equation 9.
The experimentally measured densities and excess molar volumes (V E ) calculated from the measured densities of pure and mixture components of oleic acid + methyl acetate, ethyl acetate, n-propyl acetate and nbutyl acetate mixtures at 303.15, 308.15 and 313.15 K are shown as a function of oleic acid mole fraction in Table 2 . The parameters A i and standard deviation σ are shown in Table 3 over the whole composition range at three temperatures. The excess molar volume (V E ) has decreased with increase of alkyl chain length from methyl to n-butyl acetate. The graphs are not systematic for all the binaries. The graphs of oleic acid + n-butyl acetate are different from methyl acetate, ethyl acetate and n-propyl acetate. The H-bonding in lower esters is more as compared to higher one that is, buty acetate, so V E values are large for butyl acetate. The minima occur between 0.27 and 0.39 mole fraction of oleic acid + methyl acetate, ethyl acetate, n-propyl acetate and nbutyl acetate mixtures at three temperatures and have the following sequence at minima.
Methyl acetate < ethyl acetate < n-propyl acetate < nbutyl acetate.
The interaction in these mixtures may be classified as dipole-dipole type forces resulting from the polarizability of ester molecules by the dipoles of oleic acid molecules. There may be chemical or specific interaction involved in decreasing the V E . Palaiologou, (1996) presented similar behavior for alkyl ester + 4-chlorotoluene systems.
The experimentally measured, theoretically calculated viscosities and deviation in viscosities (Δη) calculated from the measured viscosities of pure and mixture components of oleic acid + methyl acetate, ethyl acetate, n-propyl acetate and n-butyl acetate mixtures at temperatures 303.15, 308.15 and 313.15 K are given as function of oleic acid mole fraction in Table 2 and corresponding statistical parameters are shown in Table  3 . A perusal of Figure 1 of Δη versus x 1 reveals that, the Δη values are negative over the whole composition range for oleic acid + methyl acetate, ethyl acetate, n-propyl acetate and n-butyl acetate mixtures. The negative Δη values show a positive effect with an increase in chain length of ester at all three temperatures. The curves are systematic and explain for identical nature in the binaries. The minima appear between 0.26 and 0.39 mole fraction of oleic acid in all selected binaries at three temperatures.
The negative Δη values in general indicate that oleic acid and ester complexes are closer to each other and hetero interactions are more predominant than homo contacts. Since higher esters are more associated, mixture of oleic acid with higher esters give less negative values (positive effect). Δη values at equimolar concentrations of oleic acid and ester are in the following order:
Methyl acetate < ethyl acetate < n-propyl acetate <n-butyl acetate.
From the curves of the G* E versus x 1 , it can be seen that the excess free energy of activation of flow, G* E values are positive for oleic acid + methyl acetate, ethyl acetate, n-propyl acetate and n-butyl acetate binary mixtures at all three temperatures. The G* E values have decreased with Figure 1 . Excess molar volume (V E ), deviation in speed of sound (∆u), deviation in adiabatic compressibility (ΔkS), deviation in acoustic impedance (ΔZ), deviation in viscosity (Δ) and excess Gibb's free energy of activation of flow (G *E ), with mole fraction (x1) for oleic acid (1) + methyl acetate(2) (), oleic acid(1) + ethyl acetate(2) (•), oleic acid(1) + n-propyl acetate(2) () and oleic acid (1) + n-butyl acetate (2) () at 303.15 K. increase of -CH 2 group in esters (methyl to butyl). The curves of G* E versus x 1 are systematic for all these binaries at three temperatures. The maxima occur between 0.26 and 0.32 mole fraction of oleic acid with methyl acetate, ethyl acetate, n-propyl acetate and nbutyl acetate at three temperatures. The pattern of graphs is identical in all the binaries.
Positive G* E values suggest for strong interactions for unlike molecules of oleic acid and esters. It has been reported that G* E parameter can be considered as a reliable criterion to detect or exclude the presence of interactions between unlike molecules (Eswaribai et al., 2005) . According to these authors, the magnitude of the positive values is an excellent indicator of the strength of specific interactions. G* E values for these binaries have the following order at maxima.
The plots of u versus x 1 are shown in Figure 1 ). η values are negative that explain for weaker interactions in general. Moreover, there is a large difference in the viscosities of pure components as shown in Table 1 .
It is well known that when two liquid components having largely different properties are mixed, significant variation in the properties is bound to either decrease or increase depending upon the properties of individual components. Here, oleic acid having compressibility (567 TPa E are attributed to large size differences and cohesive energy difference between the two unlike components.
With increase in temperature from 303.15 to 313.15K, V E , Δη and Δk S have increased and Δu, Z and G* E have decreased for all the selected binaries. The interactions become weaker with rise of temperature, the kinetic energy of molecules increases both in pure and mixed solutions when temperature increases. Thus, it leads to decrease in interaction between unlike molecules, so contraction and adiabatic compressibility decreases with the result of increase in V E and Δk S.
Conclusions
In binary mixture of oleic acid and alkyl esters V E , Δη and Δk S values are negative and Δu, G* E and Z values are positive. In these binaries, dipole-dipole type of interactions is expected because oleic acid is polar and protic in nature while esters are weakly polar and aprotic solvents. With increases in alkyl chain in esters, structure making effect has preceded the structure breaking effect in these binary mixtures. V E , Δη and Δk S have negative values and the values have increased with increase of temperature from 303.15 to 313.15 K because of volume expansion and increase in kinetic energy of molecules of mixtures.
